Introduction {#S5}
============

Childhood obesity is arguably the most important international public health challenge of the 21^st^ century. An increased prevalence of childhood obesity has been observed worldwide, in both developed and developing countries^[@R1]^. In the 1960s, an estimated 4.2% of 6--11 year olds (1 in 24) and 4.6% of 12--19 year olds (1 in 22) in the US were obese^[@R2]^. By 2012, this had increased to 17.7% of 6--11 year olds (1 in 6) and 20.5% of 12--19 year olds (1 in 5)^[@R3]^. Being overweight or obese in childhood tends to persist into adulthood^[@R4]^: 55% of obese children are obese in adolescence, 80% of obese adolescents are still obese in adulthood, and 70% will be obese over age 30. Childhood and adolescent obesity is associated with a number of medical complications: hypertension, type 2 diabetes, coronary heart disease, stroke and several types of cancer^[@R5]--[@R7]^. Public health researchers and clinicians concur that prevention could be key to controlling the obesity epidemic. The etiology of this epidemic is multifactorial, including excessive calorie intake^[@R8]^, a sedentary lifestyle^[@R9]^, genetics^[@R10]^, as well as socioeconomic elements, such as lack of access to unprocessed food. The high fat and sugar content in processed foods are implicated in increased adiposity^[@R11]^ and recently it has been hypothesized that salt may play a critical role in the obesity epidemic. A combination of high salt and high fat has been associated with an increased risk of higher BMI, waist circumference, and subcutaneous abdominal adipose tissue^[@R12]--[@R14]^. Preclinical research is mixed, with a majority^[@R15]--[@R17]^ indicating an association between salt intake and body weight and/or adiposity, but more recently, this has been contested, at least in mice^[@R18],\ [@R19]^. However, all previously reported studies have been on males and extended beyond the adolescent period. Extrapolating findings in the male to the female is problematic^[@R20]^. Thus, a primary objective of our study was to determine the effect of dietary salt on adolescent female rats fed either a normal or high fat diet. Based on the earlier rat studies^[@R15]--[@R17]^, we hypothesized that salt would increase adiposity, especially in rats fed a high fat diet.

It has been hypothesized that increased adiposity, or an increased rate of change in BMI, are inductive of puberty in girls^[@R21],\ [@R22]^. Although the age at menarche differs across countries, there is agreement that the age of puberty has been decreasing. In the past century, puberty has advanced almost 2 years in the US^[@R23],\ [@R24]^ and a year earlier in Denmark^[@R25]^. Early puberty is not innocuous: it has been linked to a higher risk of psychological problems, risk-taking behavior, future breast cancer and, recently, the development of adolescent polycystic ovarian syndrome^[@R26]--[@R29]^. As we postulated that salt would be adipogenic, we further hypothesized female rats on a high salt diet would commence puberty earlier. However, several longitudinal studies have reported that BMI does not explain all cases of advanced puberty in girls^[@R24],\ [@R30]^. As salt activates the neurokinin B (NKB) system in rats^[@R31]^ and NKB plays an important role in puberty onset^[@R32]^, we further hypothesized that rats on a high salt, but low fat, diet would similarly exhibit advanced puberty.

Our overall unifying hypothesis was that salt would increase adiposity, especially in high fat dietary conditions, and that the synergistic effects would significantly advance puberty in animals fed a diet high in both salt and fat.

Materials and Methods {#S6}
=====================

Animals {#S7}
-------

Female Sprague-Dawley rats (*n* = 105; Charles River, Wilmington, MA) were kept under controlled conditions on a 12:12 light:dark cycle (21°C). To standardize competition for food and maternal attention, litters were reduced to 10--12 pups. At weaning (postnatal day (pnd) 21), rats were placed on specially formulated diets (Research Diets, New Brunswick, NJ). As weaning weight is known to affect age at puberty^[@R33]^, only rats with weights within ±2 SD of the mean were used. Animals were weighed daily and monitored for vaginal opening from pnd 25. Group size was estimated using data from the effect of a high fat diet on puberty onset^[@R34]^. Animals were euthanized on pnd 45, plasma collected and organ weights recorded. All procedures were approved by the Institutional Animal Care and Use Committee at the University of Wyoming. Body weight experiment: 53 animals were housed 3--6 per cage for the initial weight study.Food Intake experiments: 24 animals were placed in individual cages for daily food intake.Alternate diet experiments: 29 animals were placed in individual cages for daily food intake.Fecal analysis and respiratory exchange ratio experiment: 28 rats were placed in individual metabolic cages that allowed for the collection of urine, fecal matter and recording of daily food intake.

Diets {#S8}
-----

Animals were randomly assigned to a control low fat/low salt (LFLS; 10% kcal fat, 0.3% salt) or low fat/high salt (LFHS; 10% kcal fat, 8.3% salt), high fat/low salt (HFLS; 60% kcal fat, 0.3% salt), or high fat/high salt (HFHS; 60% kcal fat, 8.3% salt;) diet ([Supplemental Table 1](#SD1){ref-type="supplementary-material"}). In the alternate diet experiment, diets alternated with the control LFLS diet. Food and tap water were available *ad libitum*. Diets using 8% salt are routinely used in hypertension studies^[@R35],\ [@R36]^. Moreover, previous studies have reported an increase in body weight on an 8% salt diet^[@R37],\ [@R38]^. A 60% high fat diet is known to induce obesity in rodents and, importantly, does not discriminate between obesity prone and obesity resistant animals^[@R39]^. As diets were colored, investigators were not blinded to the treatments.

Leptin and Corticosterone Assays and Osmolality Analysis {#S9}
--------------------------------------------------------

Plasma leptin concentrations were determined in triplicate by a commercially available enzyme linked immunosorbent assay (ELISA) kit (mouse/rat leptin ELISA, BioVendor, Asheville, NC). Plasma corticosterone concentrations were determined in triplicate using a commercially available ELISA (Enzo Life Sciences, Farmingdale, NY). The detection limits were 50 pg/ml and 1.4 pg/ml, respectively. Plasma osmolality (Multi-Osmette, Precision Systems) was determined in plasma for 4 rats per diet in the food intake experiment. Hematocrit was determined in 7 rats per diet.

Adipocyte Size {#S10}
--------------

Adipocyte size was measured in 17 animals randomly selected from the body weight experiment. Retroperitoneal fat was fixed in formalin and embedded in paraffin. Sections (40 µm) were cut on a microtome, mounted on slides, deparaffinized in xylene, rehydrated, and stained with hematoxylin and eosin. Cells were photographed on a Nikon Eclipse 3800 and adipocyte size was measured with the ImageJ plugin **Adiposoft** (<http://fiji.sc/Adiposoft>). Six sections were used from each animal, with every whole cell within that section recorded. Adipocytes were averaged to provide a mean for each animal.

Fecal Analysis {#S11}
--------------

A recent study^[@R18]^ reported that salt impacted the digestive efficiency of lipids. Thus, we performed 3 independent assays of fecal lipid content including the steatocrit used in the previous study^[@R18]^.

Feces were collected daily across the duration of the experiment. Lipids were extracted by pulverization with a mortar and pestle, and 0.5g was vortexed for 24h with a chloroform: methanol: water (1:2:8) solution. Chloroform, 1M KCl and 0.15M HCl were added to the mixture, vortexed and centrifuged. The top aqueous layer was siphoned off and the chloroform phase was filtered with 0.45µm pore cellulose acetate filters (Whatman, Maidstone, UK) to remove solid particles. The chloroform was evaporated off and the remaining lipids weighed.

For the fecal acid steatocrit analysis, 50g of pulverized freeze-dried feces were dissolved in 200µl of freshly prepared 1N perchloric acid to which 100µl of 0.5% Oil-Red-O was added. The resulting slurry was loaded into capillary tubes and centrifuged (10 min; 10000*g*). Tubes were digitally photographed and the proportion of red-stained oil layer to the total sample length was calculated using ImageJ.

Bomb calorimetry was used to estimate the excreted calories. Feces were pulverized and pelletized before analysis in a 6200 Isoperibol Calorimeter (Parr Instrument Company, Moline, IL). By calculating calories absorbed (digestive efficiency) using food intake and fecal calorimetry data, we were able to examining how a daily intake of calories influenced daily weight gain (energy efficiency).

Respiratory Exchange Ratio (RER) and Resting Metabolic Rate (RMR) {#S12}
-----------------------------------------------------------------

To obtain a measure of substrate utilization, RER was obtained from 28 rats on pnd29 and pnd38. An RER of 1.0 indicates pure carbohydrate use, whereas an RER of 0.7 indicates almost pure fat metabolism. RER was measured using a custom-made single-chamber system paired with a FoxBox Respirometry System (Sable Systems, Las Vegas, NV), which automatically corrects for barometric pressure. Resting O~2~ and CO~2~ data were obtained after a stable baseline was recorded. O~2~ and CO~2~ levels were recorded every minute for 5 min and RER was calculated from the 5 min average. Data from one LFHS animal was excluded from analysis as it was outside of 5 SDs of the group mean.

Aerobic metabolic rate (RMR) was estimated from RER using the equation derived from Lusk^[@R40]^ $$\text{Heat}(\text{kCal}/\text{hr}) = \text{Vo}_{2}(1.232\text{RER} + 3.815)$$It should be noted that aerobic RMR underestimates actual RMR by 10--12%^[@R41]^.

Body Temperature and Locomotor Activity {#S13}
---------------------------------------

On pnd27, body temperature was measured by implanting wax-coated, sterile Thermocron iButtons (Maxim Integrated, San Jose, CA) into the intraperitoneal cavity of 16 rats on LFLS, LFHS, or HFLS diets. Under aseptic conditions, a lateral paramedian incision was made in anesthetized (15:2, ketamine: xylazine; 850µl/kg) rats and a coated ibutton inserted. After suturing, rats were kept on a warm pad until recovery. The incision was coated with a triple antibiotic (Perrigo, Ireland) and the sutured area sprayed with a taste deterrent (Grannick's Bitter Apple Company, Norwalk, CT) to minimize suture removal. Body temperature was recorded from pnd27 to pnd45. Due to failure of some ibuttons, only 12 rats were used in data analysis.

Locomotor activity was measured at five different time points: pnd21--22, 24--25, 29--33 and 37--38. Activity was measured in digiscan animal activity monitors (Omnitech, Columbus, OH) as the number of beam breaks every 15 min. As rats are nocturnal, they were placed into locomotor boxes at 18:30 and removed the following day at 09:00.

Data analysis {#S14}
-------------

Rats from all four groups (LFLS, LFHS, HFLS, HFHS) from the body weight, food intake, and fecal analysis and respiratory exchange ratio experiments were pooled together for body weight, fad pad, and puberty analyses (n=105). Food intake was normalized to body weight. As an increase in total body weight does not differentiate between growth and/or adiposity increases, tibia length was used to normalize organ weights^[@R42]^. Data were analyzed using Prism 7.0 (Graph Pad Software, La Jolla, CA). Two-way ANOVA with repeated measures was used to determine whether diet influenced body weight over time. Two-way ANOVA was used to determine if there was an interaction between salt and fat with Fishers Least Significant Difference used for *post-hoc* analysis. *A priori* comparisons were: LFLS vs LFHS, LFLS vs HFLS, LFHS vs HFHS, and HFLS vs HFHS; these groups were analyzed because these two groups differed by a single dietary factor. Puberty was analyzed by survival curve with a log-rank (Mantel-Cox) test. Treatment effects on RMR were analyzed by ANCOVA (JMP Pro, SAS Institute Inc, Cary, NC) to account for the observed body weight differences among groups. All tests were two-tailed, with significance accepted at p\<0.05.

Results {#S15}
=======

Salt did not affect body weight gain in animals on the low fat diet, but significantly (p\<0.001) attenuated the increase in body weight induced by the high fat diet ([Figure 1](#F1){ref-type="fig"}). Body weight in HFLS rats was already significantly different from all groups after only 10 days (p\<0.05). This difference between the HFLS rats and other groups persisted until the end of the study. After 24 days, HFLS animals weighed 7% more than LFLS animals and 11% more than HFHS animals. The rate of growth during the first 7 days was higher in HFLS animals (p\<0.001), and these rats continued to have increased growth rates compared to the HFHS group (p\<0.01). Neither the BMI nor Lee index^[@R43]^ differed among groups. An adjustment to the diets was evident on the first day; calorie intake was more variable and HFLS rats consumed more, and LFHS rats less, than other groups. By 5 days however, animals on low fat diets consumed more food (p\<0.05) than animals on high fat diets. Due to this difference in food intake, calorie intake was highest in the HFLS rats for the first 5 days but thereafter there was no difference among groups (p\<0.001; [Figure 2A](#F2){ref-type="fig"}). When experimental diets were alternated with the control LFLS diet, there were no differences in food or calorie intake among groups ([Supplemental Figure](#SD2){ref-type="supplementary-material"}).

High dietary fat increased fecal lipid excretion (F(1,24)=11.76, p\<0.01), and this was not affected by dietary salt ([Figure 2B](#F2){ref-type="fig"}). The fecal steatocrit analysis corroborated the lipid extraction data: there was a significant effect of fat (F(1,24)=87.29, p\<0.0001), with significantly more fat in the feces in both HF groups compared to HS groups (p\<0.0001 for both; [Figure 2C](#F2){ref-type="fig"}). There was a significant effect of fat on digestive efficiency (F(1,24)=55.8, p\<0.0001), with both HF groups showing decreased digestive efficiency compared to LF animals (p\<0.0001 for both; [Figure 2D](#F2){ref-type="fig"}) and no effect of high salt. Although total energy efficiency (weight gained from pnd21 to pnd42/total calories absorbed) was not significantly different, the ratio of kCal consumed to gram of fat pad weight revealed that fewer calories were required on a HFLS diet to deposit fat. In contrast, both HS diets required significantly more calories ((F(1,47)=48.06, p\<0.0001), [Figure 2E](#F2){ref-type="fig"}).

As tibia length did not differ among groups, body weight differences are likely due to alterations in adiposity. The combined retroperitoneal and perirenal fat pad weight was used as a marker of adiposity^[@R44],\ [@R45]^ and there was a significant interaction between salt and fat (F(1,101)=8.8, P\<0.01). Consistent with body weight, rats on the HFLS diets had significantly more fat than those on the LFLS diet (55%; p\< 0.0001; [Figure 3](#F3){ref-type="fig"}) and fat pad weight correlated with body weight (r^2^=0.502; p\<0.0001). In contrast, animals fed high salt had significantly lighter fat pads than LFLS (37%; p\<0.01) or HFLS (55%; p\<0.0001), indicating that high salt is inhibitory to fat formation and/or maintenance ([Figure 3](#F3){ref-type="fig"}). The adiposity index (fat pad weight/100g body weight) was significantly lower in response to HS in both LF and HF groups (F(1,77)=5.22, p\<0.0001). Similarly, when diets were alternated, the adiposity index was significantly lower in response to HS ([Supplemental Figure](#SD2){ref-type="supplementary-material"}).

Adipocyte size also showed a significant interaction between salt and fat (F(1,13) = 8.98, P\<0.01). Compared to LFLS, adipocytes were larger in HFLS (p\<0.001), whereas adipocytes in HFHS were significantly smaller than HFLS (p\<0.0001). While HFLS rats experienced hypertrophy of their adipocytes, the addition of high salt to high fat caused hypotrophy. There was a significant interaction between fat and salt (F(1,49)=7.78, p\<0.01) on leptin. HFLS had significantly higher levels of leptin than LFLS (p\<0.0001) and, commensurate with the adiposity index, had higher levels than HFHS (p\<0.001). In keeping with the reduced adiposity in HFHS rats, their plasma leptin concentration was significantly (p\<0.0001) reduced compared to HFLS rats. Corticosterone concentrations were not significantly different among diets (in ng/ml: LFLS: 36.2±8.4; LFHS: 36.1±12.6; HFLS: 22.7±9.7; HFHS: 30.7±11.0). Diet did not affect plasma osmolality (in mOsm/kg: LFLS: 279±1.3; LFHS: 280±6.7; HFLS: 277±3.4; HFHS: 282±2.4) or hematocrit (all diet means 51.2--52.1%).

There was a significant effect of fat and salt on RER indicating a shift towards higher fat metabolism (F(1,23)=5.55, p\<0.05). This effect was not cumulative as HFHS rats did not show an additional reduction in RER compared to LFHS and HFLS groups. However, there was no effect of diet on RMR, activity or body temperature ([Figure 4](#F4){ref-type="fig"}).

Salt significantly delayed puberty in both low and high fat groups (χ^2^=15.42, p\<0.005; [Figure 5](#F5){ref-type="fig"}). The timing of puberty in HFLS animals was not significantly different from LFLS. Salt still delayed puberty when diets were alternated with the control diet (data not shown).

Fat, without high salt, significantly increased heart weight (LFLS vs HFLS p\<0.01; [Table 1](#T1){ref-type="table"}) and kidneys from LFHS were significantly larger than those from LS animals (p\<0.001).

Discussion {#S16}
==========

Contrary to our initial hypothesis, salt did not increase weight gain in juvenile female rats. As expected, rats fed a high fat diet gained more weight than their low fat-fed counterparts but when salt was added to the high fat diet, the high fat-induced increase was lost. The effect of salt was not due to impaired growth as tibia length^[@R42]^ was unaffected by salt and there was no decrease in food intake or digestive efficiency. Rather, high salt decreased fat pad weight, at least in part, by decreasing adipocyte size; leptin concentrations reflected these changes in adiposity. It was also noteworthy that high salt significantly delayed puberty, regardless of the fat content of the diet. A simple unifying explanation for the salt-mediated anti-adiposity and delayed puberty outcomes would have been if the stress axis was activated but, as recently reported in male mice^[@R46]^, HS induced no differences in basal corticosterone concentrations.

Effect of a high fat diet {#S17}
-------------------------

Most studies concur that a high fat diet increases body weight (for review see^[@R47]^). Our study shows that this effect is extremely rapid becoming evident within 10 days. Other studies, using the same percentage of high fat in the diet, report differences in rodent weights after 3 to 9 weeks^[@R48],\ [@R49]^. Female animals are more responsive to high fat diets and put on weight more rapidly than males^[@R47]^. Indirect measurements of adiposity, including BMI and the Lee index, did not differentiate groups and were unreliable in our study. Although a high fat diet has been reported to increase BMI^[@R50]^, this was not evident in our study even though the fat pad weight had increased by 60% with significant hypertrophy of the adipocytes. The inability of BMI to serve as a marker of significant adiposity changes during puberty has been reported previously in male rats^[@R51]^. Similarly, the Lee index has been reported to significantly correlate with adiposity^[@R43]^, but this was unaffected by the high fat diet in the present study. It is clearly apparent that the most reliable measure of adiposity in pubertal rats is body fat. Here, as in other studies^[@R52]^, a high fat diet caused larger fat pads due to, at least in part, adipocyte hypertrophy.

Leptin concentrations correlated with adiposity, which concurs with previous studies^[@R53]^. The reduced food intake due to higher calorie content is consistent with previous studies and this has been attributed to the negative feedback effects of leptin^[@R53],\ [@R54]^. If these animals were retained on the high fat diet for longer, food intake may have increased because of the shift towards leptin resistance^[@R53],\ [@R55]^. Rats on the high fat diet excreted more calories than low fat fed rats, which is consistent with increased fat consumption. In agreement with earlier studies^[@R56],\ [@R57]^, activity was unaffected by high fat feeding and body temperature was also unchanged.

High fat did not alter the timing of puberty, which does not agree with many^[@R34],\ [@R58]^, but not all^[@R59],\ [@R60]^, previous studies. This difference may be due to the control diet, as our rats went through puberty earlier than in previous studies. For example, Li et al^[@R34]^, using the same rats, reported that puberty onset occurred at pnd40. One speculation is that control diets are not comparable^[@R61]^. Thus, it is possible that our rats are already at the earliest puberty onset that is physiologically possible.

Effect of a high salt and low fat diet {#S18}
--------------------------------------

Although salt did not affect weight gain in rats on low fat, there was evidence of a reduction after 2 weeks on the diet. This trend was reflected in the fat pad weights and adipocyte sizes, which were both significantly decreased by high salt. The effect of salt on body weight in rodents on control (low fat) diets is equivocal. Our study concurs with several previous investigations^[@R19],\ [@R46],\ [@R62],\ [@R63]^ showing no difference in body weight. However, others have reported a reduction^[@R37],\ [@R38]^, or an increase^[@R64]^, in body weight in response to high salt low fat diet. A recent study^[@R46]^ noted that that only when saline and not tap water is provided to male mice on a HS diet, does bodyweight decrease. We cannot discount the possibility that a lower salt content than we have used could increase adiposity. In this context, Dobrian et al^[@R15]^ reported that a 2% NaCl diet increased adipocyte cell size from an unspecified adipose depot. Additionally, a potential salt-mediated increase in adiposity could be transient. Fonseca et al^[@R16]^ described an increase in fat pad mass that was evident at 6 weeks but was no longer discernible after 9 weeks. As the aforementioned studies have used male rodents, and the current study has used female rats, the disparities noted may be due to sex differences on the effect of salt on adiposity.

It has been reported that high salt may increase food intake^[@R37]^. However, consistent with other studies^[@R62],\ [@R65]^, we found no effect of salt on food intake. It is noteworthy that food intake is elevated if the salt content of the drinking water is increased on top of a HS diet^[@R46]^. High salt also did not affect digestive efficiency in our study, which does not concur with a recent study on male mice in which high salt decreased digestive efficiency^[@R18]^. These opposing outcomes may be due to sex and/or species differences. Unfortunately other previous studies have not investigated this important variable.

This is the first study to show that high salt delays the onset of puberty in rats. The physiological mechanism(s) causing this delay is unknown, but the delay in puberty could be due to the reported changes in metabolism or changes in salt-responsive neurohormones or neurotransmitters^[@R66]^. Leptin was not significantly decreased in animals fed high salt in a low fat background, and it would thus be difficult to contend that the loss of leptin contributes to this delay. There are, however, two neurotransmitters that are known to modulate reproduction that are also affected by salt. Hyperosmolarity associated with high salt intake stimulates vasopressin secretion^[@R67]^. Vasopressin also has profound inhibitory effects on the reproductive axis^[@R68]^. Secondly, NKB is necessary for normal reproductive function, and its receptor, NK~3~, is activated in response to salt loading^[@R31]^. As animals may desensitize to NKB^[@R69]^, this could explain the delayed puberty but the alternating diet experiment would not support this conjecture. One or both of these neurotransmitters may be involved in this salt-mediated delay in puberty and warrant further studies.

Effect of a high salt and high fat diet {#S19}
---------------------------------------

Salt attenuates body weight gain in animals fed a high fat diet. Although reduced muscle mass is not precluded^[@R46]^, the decrease in fat pad weight and adipocyte size suggest that adipocyte hypotrophy is a major underlying cause for the weight reduction in our study. This intriguing outcome concurs with two recent studies on male mice. Grobe and colleagues^[@R18]^ reported an inverse correlation between salt intake and weight gain in mice on high fat diets. Although DeClercq et al^[@R19]^ also reported diminished weight gain in mice on a high fat high salt diet compared to high fat alone, they noted an increase in epididymal fat pad weight as well as adipocyte size but a decrease in mesenteric adipocyte size. Prior to these studies, high salt was hypothesized to have an additive effect to the obese-inducing high fat diet^[@R12]--[@R14],\ [@R50]^. However, a preliminary report on male rats fed high fat and high salt (36%kcal and 4% NaCl) had less epididymal fat than high fat alone^[@R70]^. It is noteworthy that in Japan, where mean sodium intake is as high as 10.5g/day^[@R13],\ [@R71]^, the lowest levels of obesity worldwide have been reported^[@R72]^. Moreover, our study suggests that efforts to reduce sodium intake in Japan may inadvertently be increasing adiposity in that nation^[@R73]^.

Rats on high salt diets consumed more calories for each gram of fat deposited in the fat pad. Although Grobe et al^[@R18]^ also reported reduced body weight data in male mice on a HFHS diet, the cause of lower adiposity in that study was attributed to a renin-angiotensin mediated reduction in digestive efficiency. We found no evidence of a salt-mediated decrease in digestive efficiency in our study on juvenile female rats. This outcome was also evident in both the fecal lipid content and fecal steatocrit analyses: HFHS did not differ from HFLS fed rats. In contrast, our study showed that high fat reduced digestive efficiency, and this effect was not dependent on salt content. Neither activity nor body temperature was affected by salt and although both salt and fat reduced the respiratory exchange ratio (indicative of increased fat metabolism), no further reduction was evident when salt and fat were combined. Clearly, the physiological mechanism(s) responsible for the salt-mediated reduction in adiposity in the juvenile female rat in both low and high fat diets requires further investigation.

In agreement with the effects of salt in rats on the low fat diet, salt also delayed puberty in rats fed the high fat diet. Thus, regardless of the presence of fat, high salt is inhibitory to puberty. It is interesting to speculate that potential differences in puberty onset in previous studies may be mediated, at least in part, by dietary salt content.

Conclusion {#S20}
==========

Our study shows that a high salt diet has an inhibitory action on adiposity that is most evident in high fat dietary conditions. In addition, our study provides compelling evidence for the first time that high salt delays puberty. Whether the underlying mechanism(s) mediating these effects on adiposity and reproduction is shared between these physiological systems is unknown but warrants further research. Clearly, if the physiological mechanisms responsible for the absence of adiposity in the presence of a high fat diet were understood, new avenues of intervention may be possible to combat the ever-growing obesity epidemic.

Supplementary Material {#SM}
======================

###### 

**Supplementary Figure**. (A) When experimental diets were alternated with the control LFLS diet, there was no significant change in weight relative to starting weight. (B) Calorie intake was significantly higher on the first 2 intakes of HF for the HFLS animals, after which there was no difference in calorie intake among groups. Salt reduced calorie intake in LFHS animals as they consumed more calories when given the control diet but this was not evident when rats were fed the HFHS diet. (C) Although HFLS had no effect on fat pad weight, this weight was reduced when rats were fed high salt (LFLS *vs* LFHS and HFLS *vs* HFHS both P\<0.05)
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![Change in weight relative to starting weight and rate of daily weight gain (inserts) during each week of the study. Weight gain in the HFLS-fed group was significantly greater than all other groups by pnd31. In the first week of the study (pnd 22--28), the rate of daily weight gain in the HFLS rats was significantly higher than LFLS and HFHS groups. The rate of daily weight gain of the HFLS rats was also significantly higher than the HFHS group during the second and third weeks of the study (pnd 29--35 and 36--42). Solid bars = Low Fat; Empty bars = High Fat. Differing letters indicate significant differences of at least p\<0.05.](nihms887561f1){#F1}

![(A): Calorie intake was higher by the HFLS rats for the first 5 days after which calorie intake was not significantly different among groups. (B): Fecal lipid excretion in both HFLS and HFHS-fed rats was significantly higher than from rats on low fat diets. (C): Fat present in the feces, as measured by fecal steatocrit, was significantly higher in groups fed high fat. (D): Rats fed high fat diets had lower digestive efficiency (calories used relative to calories ingested) compared to those on low fat diets. There was no effect of salt. (E): Deposition of fat when animals were on high salt diets required great calorie consumption. Solid bars = Low Fat; Empty bars = High Fat. Differing letters indicate significant differences of at least p\<0.05.](nihms887561f2){#F2}

![Changes in adiposity. (A) The fat pad in HFLS rats was significantly heavier than in both LFLS and HFHS animals. LFLS fat pads were also significantly heavier than fat pads from LFHS animals. (B): Adipocyte area was significantly higher in HFLS animals compared to LFLS and HFHS animals. (C): Plasma leptin concentrations were significantly higher in HFLS animals compared to LFLS and HFHS animals. Solid bars = Low Fat; Empty bars = High Fat. Differing letters indicate significant differences of at least p\<0.05.](nihms887561f3){#F3}

![(A) Salt and/or fat reduced the respiratory exchange ratio. (B) Body temperature and (C) activity were not different among groups. Differing letters indicate significant differences of at least p\<0.05.](nihms887561f4){#F4}

![Salt significantly delayed vaginal opening (VO). Differing letters indicate significant differences of at least p\<0.05.](nihms887561f5){#F5}

###### 

Organ Weights

  Diet                                                               Heart                                         Liver                                        Spleen                                        Kidneys                                       Ov+Ut                                                                        Fat                                                                          Tibia (mm)   Length (mm)
  -------------------- --------------------------------------------- --------------------------------------------- -------------------------------------------- --------------------------------------------- --------------------------------------------- ---------------------------------------------------------------------------- ---------------------------------------------------------------------------- ------------ --------------------------------------------
  LFLS                 g                                             0.84 ± 0.07                                   7.91 ± 0.73                                  0.55 ± 0.05                                   1.80 ± 0.11                                   0.42 ± 0.03                                                                  2.74 ± 0.45                                                                  32.4 ± 0.6   183.4 ± 3.9
  g/10mm tibia         0.26 ± 0.02                                   2.444 ± 0.22                                  0.17 ± 0.01                                  0.56 ± 0.03                                   0.13 ± 0.01                                   0.84 ± 0.13                                                                                                                                                            
  g/100m body length   0.46 ± 0.03                                   4.31 ± 0.36                                   0.30 ± 0.02                                  0.99 ± 0.06                                   0.23 ± 0.02                                   1.48 ± 0.23                                                                                                                                                            
  LFHS                 g                                             0.90 ± 0.07                                   7.59 ± 0.5                                   0.49 ± 0.04                                   2.04 ± 0.14[\*](#TFN1){ref-type="table-fn"}   0.37 ± 0.04                                                                  1.68 ± 0.28[\*](#TFN1){ref-type="table-fn"}                                  31.6 ± 0.6   179.9 ± 3.0
  g/10mm tibia         0.29 ± 0.02                                   2.40 ± 0.15                                   0.15 ± 0.01                                  0.65 ± 0.04[\*](#TFN1){ref-type="table-fn"}   0.12 ± 0.01                                   0.53 ± 0.08[\*](#TFN1){ref-type="table-fn"}                                                                                                                            
  g/100m body length   0.50 ± 0.03                                   4.21 ± 0.28                                   0.27 ± 0.02                                  1.14 ± 0.08[\*](#TFN1){ref-type="table-fn"}   0.21 ± 0.02                                   0.90 ± 0.14[\*](#TFN1){ref-type="table-fn"}                                                                                                                            
  HFLS                 g                                             1.01 ± 0.13[\*](#TFN1){ref-type="table-fn"}   8.70 ± 0.66[†](#TFN2){ref-type="table-fn"}   0.59 ± 0.07 [†](#TFN2){ref-type="table-fn"}   1.81 ± 0.11[†](#TFN2){ref-type="table-fn"}    0.44 ± 0.05                                                                  4.14 ± 0.7 [\*](#TFN1){ref-type="table-fn"}[†](#TFN2){ref-type="table-fn"}   31.8 ± 0.6   186.8 ± 3.8[†](#TFN2){ref-type="table-fn"}
  g/10mm tibia         0.32 ± 0.04[\*](#TFN1){ref-type="table-fn"}   2.74 ± 0.2[†](#TFN2){ref-type="table-fn"}     0.18 ± 0.02[†](#TFN2){ref-type="table-fn"}   0.57 ± 0.03[†](#TFN2){ref-type="table-fn"}    0.14 ± 0.02                                   1.31 ± 0.22[\*](#TFN1){ref-type="table-fn"}[†](#TFN2){ref-type="table-fn"}                                                                                             
  g/100m body length   0.52 ± 0.05                                   4.71 ± 0.33                                   0.30 ± 0.03                                  0.98 ± 0.05[†](#TFN2){ref-type="table-fn"}    0.24 ± 0.03                                   2.18 ± 0.35[\*](#TFN1){ref-type="table-fn"}[†](#TFN2){ref-type="table-fn"}                                                                                             
  HFHS                 g                                             0.94 ± 0.09                                   7.69 ± 0.41                                  0.46 ± 0.03[‡](#TFN3){ref-type="table-fn"}    1.92 ± 0.13                                   0.39 ± 0.04                                                                  1.85 ± 0.3[\*](#TFN1){ref-type="table-fn"}[‡](#TFN3){ref-type="table-fn"}    31.7 ± 0.5   179.1 ± 3.5[‡](#TFN3){ref-type="table-fn"}
  g/10mm tibia         0.30 ± 0.03                                   2.43 ± 0.13                                   0.15 ± 0.01[‡](#TFN3){ref-type="table-fn"}   0.61 ± 0.04                                   0.12 ± 0.01                                   0.58 ± 0.09[\*](#TFN1){ref-type="table-fn"}[‡](#TFN3){ref-type="table-fn"}                                                                                             
  g/100m body length   0.52 ± 0.04                                   4.30 ± 0.23                                   0.26 ± 0.02                                  1.07 ± 0.06                                   0.22 ± 0.02                                   1.03 ± 0.15[\*](#TFN1){ref-type="table-fn"}[‡](#TFN3){ref-type="table-fn"}                                                                                             

significantly different from LFLS (p\<0.05)

significantly different from LFHS (p\<0.05)

significantly different from HFLS (p\<0.05)
